Abstract-Saturn is a short-pulse (~ 40 ns FWHM) x-ray generator capable of delivering up 10 MA into a bremsstrahlung diode to yield up 5 x 10^12 rad/s (Si) per shot at an energy of 1 to 2 MeV. With the machine now over 30 years old it is necessary to rebuild and replace many components, upgrade controls and diagnostics, design for more reliability and reproducibility, and, as possible upgrade the accelerator to produce more current at a low voltage (~ 1 MV or lower). Thus it has been necessary to reevaluate machine design parameters. The machine is modeled as a simple LR circuit driven with an equivalent a sine-squared drive waveform as peak voltage, drive impedance, and vacuum inductance are varied. Each variation has implications for vacuum insulator voltage, diode voltage, diode impedance, and radiation output. For purposes of this study, radiation is scaled as the diode current times the diode voltage raised to the 2.7 power. Results of parameter scans are presented and used to develop a design that optimizes radiation output. Results indicate that to maintain the existing short pulse length of the machine but to increase output it is most beneficial to operate at an even higher impedance than originally designed. Also discussed are critical improvements that need to be made.
I. INTRODUCTION
SATURN is a short-pulse (~ 40 ns FWHM) x-ray generator capable of delivering up 10 MA into a bremsstrahlung diode to yield up 5 x 10 12 rad/s (Si) per shot at an energy of 1 to 2 MeV. It was built in the 1980's as a rebuild of the PBFA I accelerator [1] . Has been a reliable scientific tool since its first shot in 1987 as a driver for both radiation sources and z-pinch plasmas [2, 3] . This work is supported by Sandia National Laboratories, a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.
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In this paper we give a quick review of what Saturn is and what are its capabilities, explain what we are planning to do with the machine, and give some estimates on how radiation output scales with machine parameters, using a simplified equivalent circuit approach, assuming that the circuit can be characterized as a lumped circuit with no transmission line effects.
II. DESCRIPTION OF THE MACHINE DESIGN Saturn has thirty-six parallel Marx banks and associated water pulse forming lines (PFLs) that drive three parallel Bremsstrahlung-radiation diode rings [4] . The Marx banks erect up to 3 MV but with a slow (1.5 µs) rise time. They are located in the 30-m outer-diameter oil tank. Their energy is dumped into a water capacitor in the 20-m diameter, 4.3 m deep water tank from where the pulse is shortened to 40 ns. The shortened pulses are delivered to conical magneticallyinsulated transmission lines in a 2-m diameter vacuum section. These connect to the radiation load. The configuration of one of these lines is shown in fig. 1 .
a. Pulsed Power Design
Each Marx bank consists of thirty-two 1.3 µF capacitors normally charged to 85 kV (150 kJ stored energy). Each Marx erects and charges a 19 µF, intermediate store (IS) water capacitor in 1.5 µs. The IS is switched before reaching peak voltage delivering a 2.3 MV, 170 ns rise time pulse downstream to a two-stage PFL. The PFL consists of two 10-ns long transmission lines in series that are each discharged with parallel self-break water switches to compress the pulse to 40 ns FWHM at a voltage of 2 MV. Their output drives a tri-plate water transmission line that is split into two parallel 8-W lines at its output.
b. Connections to the Insulator Stack
Each leg of the tri-plate drives an 8-W rod that can be attached to any of three cathodes of the six-level, 2-m diameter vacuum insulator stack. This feature allows balancing the energy density to each radiation ring and provides flexibility in driving other load configurations. Normally they are connected in a 3:2:1 configuration, with 36 connected to the lowest cathode, 24 to the middle cathode, and 12 to the top. A CAD model of this connection is shown in fig. 2a c. Vacuum Section The 2-m diameter vacuum section consists of six parallel magnetically insulated transmission lines (MITLs) connected to six 31-cm high polystyrene insulator stacks. With a peak field of 2 MV at the insulator we have an average peak field of 65 kV/cm. The MITLs consist of four conically-shaped anodes on either side of three conical cathodes. A cross-section of the vacuum section is shown in fig. 3 . Here the combined inductance of the lower two MITLs is 9.7 nH, the middle 15.1 nH, and the upper 28.0 nH, with transmission line lengths ranging from 2.0 ns for the lowest level to 5.9 ns for the highest.
The Bremsstrahlung diode consists of three concentric cathodes opposing a common anode, as shown in fig. 4 . Each ring is independent of the other two to the extent that each is over 100-ns downstream from their common drive. Thus a fault on one ring cannot affect a neighboring ring in less than 200 ns, which is not relevant for the 40 ns radiation pulse. The resistance of the diode is not well known, but thought to vary from 0.5 to 0.2 W with an exponential fall during the pulse. This resistance is also affected by the diode gap spacing. III. PLANNED UPGRADES We need to upgrade and rebuild Saturn. However, an overriding requirement is to maintain existing capabilities. The machine is 30 years old. Components are wearing out. We need to rebuild and replace many. We need to increase reproducibility and reliability. We need better and more diagnostics at the stack and in vacuum. We now have no capability to measure voltage measurement at the stack. We need to improve data collection and handling. We need improved timing and cable delay information. We need cable compensation for fast signals. If feasible we also want to double radiation output at the same or lower endpoint energy (1 MV) which will require lower resistance diode designs.
Many components need rebuild or redesign. The 3-MV rimfire gas switch, which is the output switch for the intermediate store needs to be redesigned and rebuilt to provide less jitter. This switch may be moved along with the intermediate store from the water section into the oil section to provide more precise timing. We also need a new trigger for that switch. Present plans are to build a replacement electrical trigger system, but laser triggering is still an option. The vacuum insulator stack will be redesigned and rebuilt. It is now much too conservative and has too much inductance. There is also considerable mechanical wear in the hardware supporting the MITLs. It is now difficult to achieve precise positioning of the radiation diodes. The bottle connection scheme will be replaced with horizontal rings at the stack with the goal of matching impedance from the connecting rods to the stack. Configuration of the pulse forming lines may not change too much, but better mechanical alignment of the self-break water switches is needed. The Marx bank will likely not be changed other than to move it within the oil tank to accommodate the intermediate store and rimfire switch. Now only about half of its energy is used.
Three potential upgrade design options have been considered. One has been to replace the existing water switches with magnetic switches. Another is to adopt a fast Marx bank scheme where the Marx bank output is fast enough that it removes the necessary of an intermediate store and rimfire switch. The other, which is the approach we are now taking, is to use the same water-line architecture making minor changes and to refurbish or redesign and rebuild existing components. We also intend to make design changes to better access unused Marx bank energy. IV. PARAMETER SCALING Much can be learned from simple scaling calculations using a sine-squared drive pulse. We can represent the machine with an equivalent voltage and impedance driving inductors and a resistor, as shown in fig. 5 . Only the outer ring is considered, driven by 36 rods. The equivalent voltage is 2 Vo sin 2 
(t/t) where
Vo is 2 MV, and t is chosen to give a 40 ns FWHM pulse. Thus the voltage measured at a matched impedance is 2 MV, consistent with measurements in the water tri-plate. The equivalent impedance is the impedance of the rods. In Saturn they are 73 ns long, almost twice the length of the drive pulse. Therefore, even though a full circuit model of the machine is more complicated and includes transmission-line transit-time effects, this equivalent model can be representative for these short pulses. The bottles are modeled as a fixed inductor, ignoring transit time effects in that 18-ns long component. The water flare, and the stack and MITLs, are considered as fixed inductors since their propagation lengths are small. The load is modeled as an exponentially-decaying small resistance. Radiation is considered to scale with (current) x (diode voltage) 2.7 [5]. 
where Vn = 2 Vo sin 2 (n Dt / t) and t = 2 TFWHM / p. For this calculation we let N = TFWHM / (p Dt) and Dt = 100 ps or less, where n is the row number in the spreadsheet. Also, R(t) = Ro exp (-t / tdecay) where tdecay is chosen so that the diode resistance falls from 0.5 to 0.2 W at peak current, and falls more steeply thereafter to represent shorting of the diode.
Based on this method it is possible to easily determine current, stack voltage, load voltage, and radiation scaling for a variety of machine configurations. In fig. 6 is the peak diode current and voltage as a function of rod impedance, and stack and MITL inductance. Clearly it can be seen that as inductance is reduced both current and voltage are increased. In fig. 7 is the peak stack voltage and scaled peak radiation dose for the same parameter scans. Note also that as inductance is decreased stack voltages are lower and radiation dose is higher.
From both of these sets of parameter scans there would be motivation to decrease rod impedance to get even higher currents and a higher radiation dose. However, two other constraints need to be considered. First is the request to maintain the same end point energy of the radiation as well as get a higher total dose, if possible. The radiation from the diode scales as the peak values of idiode Vdiode 2.7 and Vdiode = idiode Rdiode. Thus, increasing current to get more radiation also increases the peak diode voltage, which is proportional to the endpoint energy of the radiation. The only way to maintain the same radiation energy spectrum at higher currents and more total dose is to reduce the diode resistance. We are now investigating techniques to do that. The second is that to maintain the short pulse length is that the L/Z time for the machine must remain the same or lower. This constraint puts high priority on decreasing inductance and maintaining the same or higher machine impedance.
Studies are now being done to determine the optimal machine impedance. One approach is to define efficiency as the ratio of energy that can be delivered to the radiation load to what can be delivered to a matched impedance load. This is complicated by inductive nature of the circuit. But initial thought is that even higher impedance is best. Furthermore, such an approach makes the drive less sensitive to different diode impedances, providing more flexibility in diode design. V. CONCLUSION We are still in the position of deciding how much to change for the rebuild of Saturn. Redesign and rebuild of the gas switches have already started, but major design changes of other components are yet to be decided. It is very clear that we will work to decrease the inductance of the vacuum section. Also desirable is to modify the bottles, the connections between the water tri-plate lines and the vacuum insulator. Work is proceeding on developing new diode options that allow both increasing radiation output but also maintaining low radiation endpoint energy. Although we have options for other architectures for redesign of the pulsed power, the most likely approach will be to rebuild Saturn using the existing water-line design with improvements to some components and functions, and seek to use more energy from the Marx bank.
